Background: Both dominant and recessive mutations were reported in the gene encoding the mitochondrial (mt) DNA polymerase ␥ (POLG) in patients with progressive external ophthalmoplegia (PEO). Phenotypes other than PEO were recently documented in patients with mutations in the POLG gene.
isolated myopathy. DNA from 100 healthy individuals was also studied.
Results: No mutation was identified in the PEO1 or SLC25A4 genes. Nine POLG mutations were observed in 6 of 24 patients. Four novel mutations were detected and mapped in the linker region (M603L) and in the pol domain of the enzyme (R853W; D1184N; R1146C). Five patients with PEO had mutations: 2 were compound heterozygotes, 1 was homozygous, and another showed a mutation in a single allele. The remaining patient also showed a sole mutation and had an unusual phenotype lacking ocular involvement.
Conclusions: POLG molecular defects were found in 25% of our patients with multiple mtDNA deletions and mitochondrial disease. The uncommon phenotype found in 1 of these patients stresses the clinical variability of patients harboring POLG mutations. Molecular studies in the POLG gene should be addressed in patients with mitochondrial disease, particularly in those with PEO, and multiple mtDNA deletions.
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M U T A T I O N S I N T H E
nuclear genes adenine nucleotide translocator 1 (SLC25A4), twinkle mitochondrial helicase (PEO1), and mitochondrial catalytic subunit of DNA polymerase ␥ (POLG) result in dominant progressive external ophthalmoplegia (PEO).
1-3 POLG mutations can also cause autosomal recessive PEO and are frequently associated with severe and multisystem clinical disease. 2 These forms of PEO are associated with secondary accumulation of multiple deletions in mitochondrial DNA (mtDNA). Recently, mutations in the POLG gene have been documented in patients with clinical phenotypes other than PEO, such as myoclonic epilepsy and ragged red fibers-like phenotype, 4 Alpers syndrome, 5 parkinsonism, 6 and ataxia. 7 In this study, we screened 24 patients with mitochondrial disease and multiple mtDNA deletions in muscle for mutations in the coding regions of the POLG, PEO1, and SLC25A4 genes.
METHODS
PATIENTS AND CONTROLS
We studied 24 patients (16 men and 8 women) diagnosed with mitochondrial disease by clinical, morphological, and biochemical criteria. All 24 patients displayed multiple mtDNA deletions in muscle by Southern blot analysis. The clinical picture of these patients was heterogeneous. Thirteen patients had PEO. Of them, 2 had PEO alone, 4 had PEO and myopathy, and 5 had PEO and multisystem involvement. Four patients had multisystem disease without PEO. The remaining 9 patients had isolated myopathy. These patients were not Author Affiliations are listed at the end of this article.
obtained by a population-based genetic survey. In addition, we studied DNA from 100 healthy individuals.
An appropriate institutional review board approved this work, and informed consent was obtained from the patients and controls included in this study. A summary of clinical, biochemical, and morphological findings of the 6 patients carrying POLG mutations is given in Table 1 and   Table 2 .
METHODS
DNA from skeletal muscle or blood was isolated by standard methods. The entire coding region for the POLG, SLC25A4, and PEO1 genes was amplified and sequenced as reported. 2 Muscle histochemical and biochemical tests were performed as previously reported. 8 Southern blot analysis of mtDNA was carried out as described. 9 Polymerase chain reactions and restriction fragment length polymorphism were used to confirm the mutations.
RESULTS
Sequencing of the SLC25A4 and PEO1 genes failed to detect the presence of mutations in all patients. We found 9 POLG mutations in 6 (25%) of 24 patients, in agreement with previous reports (Table 3) . A467T A467T
*Novel mutations described in this study. Patient 1 was compound heterozygous for an already described P587L (c.1760CϾT) 11 mutation and for a novel c.2557CϾT mutation in exon 16, which results in a R853W missense change. This mutation abolishes an Nci I recognition site (not shown).
Patient 2 was compound heterozygous for the previously described mutations T251I (c.752CϾT) and P587L and for a novel c.1807AϾT mutation in exon 10, which yields an M603L amino acid change. This mutation eliminates an Nla III recognition site (not shown). The T251I and P587L mutations were found in cis in 3 previous reports. [11] [12] [13] Patient 3 was compound heterozygous for a previously reported c.1402AϾG mutation in exon 7, yielding an N468D change, and for a novel c.3550GϾA mutation in exon 22, which gives rise to a D1184N amino acid substitution. This mutation abolishes a TaqI recognition site (not shown).
Patient 4 was heterozygous for the already described G268A mutation (c.803GϾC).
12
Patient 5 was heterozygous for a novel c.3436CϾT mutation in exon 21, which results in a missense R1146C change. This mutation abolishes a Cfr13 I restriction sequence (not shown).
Patient 6 was homozygous for the well-known A467T (c1398GϾA) mutation in exon 7.
We also found the following polymorphisms in the POLG gene: the neutral polymorphism c.2256CϾT (L752L) in 1 patient, the change c.3428 CϾG (E1143G) in exon 21 (National Center for Biotechnology Information single-nucleotide polymorphism E1143G cluster ID rs2307441) in 1 patient, and a novel nonsynonymous change c.391CϾT (Y131H) in another patient; the microdeletion 3770delG in the 3Ј untranslated region 2 and several CAG repeats in exon 2 14 in 3 patients; and the substitution c.3708GϾT (Q1236H) in exon 23 (National Center for Biotechnology Information singlenucleotide polymorphism Q1236H cluster ID rs3087374) in 5 patients. 2 
COMMENT
We studied 24 patients whose clinical findings varied from PEO alone or in combination with other symptoms and signs of mitochondrial myopathy to limb muscle myopathy with no ocular muscle involvement. All patients showed morphological or biochemical findings, or both, of mitochondrial dysfunction. Moreover, Southern blot analysis of mtDNA revealed multiple mtDNA deletions. All these data prompted us to look for alterations in the SLC25A4, PEO1, and POLG genes as the underlying cause of mtDNA rearrangements.
Molecular analysis of the SLC25A4 and PEO1 genes failed to reveal mutations, but we found alterations in the POLG gene in 25% (6/24) of the patients, accounting for 20.8% (10/48) of alleles. These data are consistent with those documented by other authors. Indirect evidence for the pathogenicity of these mutations comes from the following criteria: (1) They were associated with mitochondrial dysfunction and multiple mtDNA deletions. (2) They were the only significant nucleotide alterations in the POLG gene (besides polymorphisms), as well as in the SLC25A4 and PEO1 genes. (3) The mutations cause substitution in conserved amino acid residues of the POLG protein ( Figure B) . (4) They were absent in more than 100 healthy controls from the same ethnic background. Targeting  Sequence   I  II  III  A  B  C   R1146C  P587L  A467T  T2511  N468D Three of our patients had allelic mutations, and 1 had the same mutation in both alleles, suggesting a recessive mode of inheritance. We were able to identify mutations in a single allele in the remaining 2 patients. The novel mutations described herein map in the linker region (M603L) and in the pol domain of the enzyme (R853W; D1184N; R1146C).
We found the already-documented P587L mutation in 2 patients. Although the P587L change is usually associated with the T251I substitution within the same allele, [11] [12] [13] we observed that 1 of our patients had the P587L mutation alone, whereas another showed the usual association of both mutations.
The clinical phenotypes of our patients with POLG mutations were heterogeneous, expanding the spectrum of mitochondrial disorders associated with POLG mutations. The 3 patients who were compound heterozygous for POLG mutations had adult-onset PEO, cytochrome-c oxidase-negative ragged red fibers, and mitochondrial respiratory chain defects. Of the 2 patients with mutations in a single allele, 1 had early-onset PEO, sensorimotor neuropathy, and ragged red fibers, and another showed an unusual phenotype with lack of ocular muscle involvement. Given the early onset, PEO and other symptoms and signs usually associated with POLG mutations may develop later. The only mutation we have detected (c.3718CϾT, which produces the amino acid change R1146C) has been reported as a single-nucleotide polymorphism. However, the only data available, to our knowledge, come from studies using the National Institutes of Health Polymorphism Discovery Resource, and the c.3718CϾT nucleotide change has been found by 2 independent groups in the same sample (rs2307440 15 ). It is tempting to propose that the R1146C mutation may alter moderately the biochemical behavior of the enzyme, resulting in the mild clinical phenotype observed in our patient. In this context, the biochemical defects associated with several POLG mutations have been recently characterized in vitro, 16 and there is a good correlation between biochemical and clinical findings.
The clinical picture of the patient homozygous for the A467T mutation was consistent with those documented by others 1, 3, 4, 11, 12 and associated with the same mutation, namely PEO, sensorimotor polyneuropathy, and deafness. We did not find the substitution in Spanish controls, but Van Goethem et al 1 reported that 0.6% of a Belgian population harbored this change.
Of the 6 patients with POLG mutations, 5 had PEO and other clinical features such as muscle weakness, neuropathy, atrial hypertrophy, or hearing loss. Remarkably, 1 patient had a less typical phenotype characterized by early-onset thinness of the left calf muscle. This point bolsters the clinical variability of patients with POLG mutations.
Moreover, 45% of patients with PEO (with or without multisystem involvement) and multiple mtDNA deletions showed mutations in the POLG gene. By contrast, only 8% of patients with no ocular paresis had mutations in the POLG gene. Our data indicate that in patients with multiple mtDNA deletions in muscle those with PEO are more likely to harbor POLG mutations than those without PEO.
Although we did not observe parkinsonism, we were not able to perform positron emission tomographic studies, and it is therefore possible, as already suggested, 6 that muscle weakness and neuropathy might have masked symptoms of parkinsonism in our patients. In addition, we failed to demonstrate early menopause in our female patients, which is not consistent with recent findings by Luoma et al. 6 
CONCLUSIONS
The phenotype of our patients stresses the clinical variability of patients harboring POLG mutations and indicates that molecular studies in the POLG gene should be addressed in patients with mitochondrial disease, particularly in those with ocular myopathy and multiple mtDNA deletions. 
